This paper presents development of a quartz crystal microbalance (QCM) biosensor for real-time detection of E. coli O157:H7 DNA based on nanogold particles amplification. Many inner Au nanoparticles were immobilized onto the thioled surface of the Au electrode, then more specific thiolated single-stranded DNA (ssDNA) probes could be fixed through Au-SH bonding. The hybridization was induced by exposing the ssDNA probe to the complementary target DNA of E. coli O157:H7 gene eaeA, then resulted in a mass change and corresponding frequency shifts ( f ) of the QCM. The outer avidin-coated Au nanoparticles could combine with the target DNA to increase the mass. The electrochemical techniques, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were adopted to manifest and character each step. The target DNA corresponding to 2.0×10 3 colony forming unit (CFU)/mL E. coli O157:H7 cells can be detected by this biosensor, so it is practical to develop a sensitive and effective QCM biosensor for pathogenic bacteria detection based on specific DNA analysis. The piezoelectric biosensing system has potential for further applications, such as food safety and environment monitoring, and this approach lays the groundwork for incorporating the method into an integrated system for in-field bacteria detection.
The monitoring and detection of pathogenic bacteria are the keys to prevent and identify problems related to human health and safety. Shiga toxin-producing E. coli (STEC), which comprise at least 100 serotypes, are considered as an important group of bacterial enteropathogens. Thereinto, E. coli O157:H7 is most well known to both microbiologists and general public. This organism was first recognized in 1982, and has the ability to cause life threatening complications-hemorrhagic colitis and hemolytic uremic syndrome (HUS) in humans [1, 2] . Illness due to E. coli O157:H7 infection is often misdiagnosed and generally needs invasive and expensive medical tests before it is correctly diagnosed. Primary sources for exposure to E. coli O157:H7 are consumption of ground beef, sprouts lettuce, salami, unpasteurized milk, and juice contaminated by pathogens [2] . The infective dose of the bacteria is possibly less than 100 organisms [3] . On average, E. coli O157:H7 is responsible for 73,000 illnesses, 2100 hospitalizations and 60 deaths annually in the United States alone, and as of September 2006, there was a multistate outbreak of E. coli O157: H7 infections associated with consumption of fresh spinach in the country [4, 5] . Since the loss caused by E. coli O157:H7 is enormous in terms of medical cost and product recall, it is extremely urgent to develop some rapid and sensitive methods to detect the bacteria in food or water supplies.
Traditional methods to detect E. coli O157:H7 involve culture and colony counting method, the polymerase chain reaction (PCR), and other immunologybased means. The culturing and plating method is the oldest bacterial detection technique and can provide conclusive and unambiguous results, but it is excessively time-consuming because 4 9 days are needed to obtain a negative result and 14 16 days for confirming a positive result [6] . This is obviously inconvenient for many industrial applications, particularly for the foods sector. PCR, which was developed in the mid 1980s, is very widely used in bacterial detection [7, 8] . Although this nucleic acid amplification technology is a lot less time-consuming than the method of culturing and plating and can provide definitive and extremely sensitive results, it requires expertise in molecular biology and the DNA primer must be unique for the target bacteria. The immunology-based methods for bacteria detection, which have been indicated to be powerful analytical tools in this application field [9 13] , demand labeled antibodies, pre-separation, or pre-enrichment, which make them costly and complicated.
As alternatives to the conventional methods, some biosensors have been explored for pathogenic bacteria detection in recent years. Combined together with the conventional methods and some other modern bio-techniques, such as nanobiotechnology, the biosensor often yields more robust results, so it is becoming the fastest growing technology in pathogen detection, and is drawing more and more interest [14] . According to the transduction means, E. coli O157:H7 could be detected by optical absorbance [15, 16] , chemiluminescence [17] , surface plasmon resonance (SPR) [18 20] , electrochemical impedance [21, 22] and quartz crystal microbalance (QCM) [23] .Advantages of the biosensor approach include the ability to provide continuous data with respect to the analyte, fast response, and the simplification of sample preparation steps; however, its future lies in reaching selectivity and sensitivity comparable to established methods. As to the selectivity, DNA is an ideal target for specific detection of pathogenic bacteria. The DNA probe, which is an oligonucleotide sequence immobilized on a fixed support and able to hybridize the complementary strand present in solution, is a powerful molecular tool for monitoring and detecting specific microorganisms in the environment or in food [24] . It is well known that QCM is a very sensitive mass-measuring sensor, and the crystal resonance frequency decreases with a mass increase on the Au electrode surface. The relation between mass and resonance frequency is given by the Sauerbrey equation:
here, f is the frequency change, m is the mass change due to the surface deposition, A is the area of the quartz crystal. Piezoelectric mass-sensing devices based on nucleic acids could not only eliminate the need for labels but also offer a potential advantage for rapid, real-time solution monitoring of DNA hybridization. Due to its selectivity, sensitivity, simplicity, and cost effectiveness, the QCM based on DNA sensing becomes a promising candidate for E. coli O157:H7 detection, which has recently been demonstrated [25, 26] . Nanoparticles are a new class of materials, which has been adopted for improving the detection limit and sensitivity of the DNA biosensors [27 29] . In order to form a more effective and sensitive system, we adopted the gold nanoparticles in the construction of E. coli O157: H7 DNA biosensor for the goal of signal amplification, because (i) colloidal Au has a good biocompatibility [30] ; (ii) gold nanoparticle has a larger surface area, and helps to immobilize more biofunctional molecules onto the surface of the sensor; (iii) avidin-conjugated Au nanoparticle could be used as "mass enhancer" to amplify the frequency change depending on its relatively large mass compared to DNA target.
To the best of the authors' knowledge, the Au nanoparticle-amplified QCM DNA sensor for pathogenic bacteria detection has not been reported. In this study, a QCM biosensor based on Au nanoparticle amplification for detection of E. coli O157:H7 DNA was described. Au nanoparticles with 18 nm diameter were immobilized on the surface of the QCM to absorb more single-stranded DNA (ssDNA) probes, then the biotinylated target E. coli O157:H7 DNA was captured by the ssDNA, eventually the signal was amplified using outer avidin-coated Au nanoparticles with 70 nm diameter. In order to achieve real-time detection, selfmade QCM flow cell connected with a squirmy pump had been designed to realize the flow-through processing. At the same time, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) have been adopted to demonstrate and characterize every step ARTICLES CHEMICAL ENGINEERING used in the construction of DNA biosensor by electrical current and impedance changes. 
Materials and methods

Reagents
Nanoparticles preparation
Gold nanoparticles with 18 nm/70 nm average diameter were prepared through the same procedure for HAuCl 4 reduction by different amounts of sodium citrate aqueous solution. Transmission electron microscopy (TEM) images were obtained to characterize the prepared Au nanoparticles. In order to synthesize the avidin-coated Au nanoparticles, avidin and NaCl were added to the 70 nm diameter gold particle suspension, rendering final concentrations of 45 g/mL and 5 mmol/L, respectively. The solution (pH10.0) was centrifuged twice (12000 r/min, 4 , 70 min) to remove excessive avidin and increase the concentration of gold particles. Optical extinction spectra were measured using a UV-vis-NIR spectrophotometer to characterize the prepared avidincoated nanoparticles.
Bacteria culture and DNA extraction
E. coli O157:H7 and E. coli K-12 were presented by Disease Control and Prevention Center of Zhejiang Province (Hangzhou, China). The pure culture of bacteria was grown in nutrient broth at 37 for 12 h before use, and the bacterial concentration was decided with the surface plating-count method. The cultured bacteria should be killed in a 100 water bath for 15 min, then serially diluted to the desired concentrations with phosphate buffered saline (PBS; NaCl, 8.00 g/L; KCl, 0.20 g/L; Na 2 HPO 4 , 1.38 g/L; KH 2 PO 4 , 0.2 g/L; pH 7.4) for later DNA extraction. According to the operating protocol of Bacterial DNA Kit, the bacteria genomic DNA was extracted and stored at 20 until it was used.
Oligonucleotides and PCR amplification
The ssDNA probe and primers specific for E. coli O157:H7 eaeA gene [29] were used for detection and amplification of target DNA, and their sequences are shown in Table 1 (All oligonucleotides were obtained from TAKARA Biotechnology Co, Ltd). The 30-base ssDNA probe was modified at 5 end with C6-SH, and the forward primer and biotinylated reverse primer were used to amplify a short fragment (151 bases) of the E. coli O157:H7 eaeA gene. The probe is complementary to part of the fragment, allowing it to hybridize with the PCR product. A 280-base region of E. coli K-12 lacZ gene was amplified using another set of primers as the negative control of PCR sample (Table 1) . Asymmetric PCR, a well-known approach to produce single-stranded DNA because of the unequal primer concentration, was utilized in a variety of applications, such as the direct hybridization detection [31] . In our work, the concentration ratio of biotinylated reverse primer to forward primer was 50 1, and the lower concentration forward primer played a "limiting primer" role. After the limiting primer was consumed, the remaining reverse primer continued to be used to amplify the target, so this PCR procedure predominantly produced the biotinylated single-stranded eaeA gene fragments. The whole asymmetric PCR reaction was executed in a bio-rad thermal cycler with a temperature profile of 95 for 5 min, followed by 40 cycles of 30 s denaturation at 95 , 30 s annealing at 57 , 45 s extension at 72 , and 10s final extension. The lacZ gene fragment was amplified based on the same principle as the negative control. The polyacrylamide gel electrophoresis detection was used to testify the existence of single-strand asymmetric PCR products. Regular PCR was also carried out to prove the successful amplification of eaeA gene, which was examined by electrophoresis in 2% agarose gel.
QCM and experimental apparatus
The whole detection system and experimental apparatus are illustrated in Figure 1 . QCM biosensor measurements were performed using a CH Instrument electrochemical workstation, Model 440 (CH Instruments, USA) with 8 MHz AT-cut quartz crystals (diameter=13.7 mm) sandwiched between two Au electrodes (diameter = 5.1 mm, thickness = 1000 Å). Before use, crystals were cleaned with 1 mol/L NaOH for 20 min, 1 mol/L HCl for 5 min and Pirannha solution (30%, v/v, H 2 O 2 H 2 SO 4 = 2 3) for 1 min, in sequence, to remove organic adsorbed impurities and obtain a clean Au surface. After pretreatment the crystal was rinsed with ethanol and water successively, dried in a stream of nitrogen. The cleaned crystal was housed in a self-made flow cell with an upper and lower piece held together with four screws (Figure 2) . The crystal was sealed between two O-rings in the upper and lower pieces. One face of the quartz crystal was exposed to a 80-L flow-through chamber, which was connected to an in-and out-flow tube drove by the squirmy pump. The whole flow cell was placed in a shielding box to avoid some environmental interference. The variation of frequency measurement in the reaction buffer is less than 1 Hz.
Biosensor fabrication and detection procedure
The surface construction of sensor fabrication and detection is showed in Figure 3 . The test was conducted at room temperature (25 ) . The inner Au nanoparticles and thiolated probes were all self-assembled onto the gold surface of quartz crystal through the strong Authiol bonding. Initially, PBS buffer was pumped to flush and fill the cell. After the baseline of PBS was stabilized, a thiol self-assembled monolayer (SAM) was formed on the surface of electrode by injecting 1 mL 1,6-Hexanedithiol (0.5% solution in ethanol, v/v) into the cell and the reaction time lasted for 1 h, followed by a 1 mL PBS washing to remove the superfluous 1,6-Hexanedithiol. Then, immobilization of Au nanoparticles with 18 nm diameter onto the thiol-modified surface was performed in aqueous Au colloid for 1h at room temperature. After PBS buffer washing, 250 l ssDNA probe (20 g/mL in PBS) was used to form the thiolated probe SAM, this self-assembly process was allowed to proceed for 1 h. The skim milk was carried out after the probe immobilization and PBS washing; 500 L skim milk solution (2%, w/v) in PBS inflooded into the cell and proceed for 1 h, followed by 3 mL PBS washing to substitute the unbound skim milk and provide an effective surface for the next hybridization reaction. The asymmetric PCR products of eaeA gene (mostly ssDNA ) were used as target DNA for characterization of the sensor. 250 L PCR samples were pumped into the chamber and allowed to stay for 1 h for the hybridization with the probe. Finally, 500 L avidin-coated Au nanoparticles were used to combine with the target DNA, and the whole process was terminated by PBS washing. As the negative control, the PCR products for lacZ gene were managed as the same way.
Electrochemical characterization of the QCM electrodes
Electrochemical cyclic voltammetric experiments and impedance spectroscopy measurements were processed by VMP2 (Multichannel Potentiostat, EG&G). Pt wire and Ag/AgCl (in saturated KCl) electrode were used as a counter electrode and a reference electrode, respectively. The impedance spectra were recorded in the frequency range from 0.1 Hz to 100 kHz at the formal potential of the [Fe(CN) 6 ] 3 /4 redox couple, and the amplitude of the alternating voltage was 5 mV.
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Figure 3
Illustration of the QCM DNA biosensor fabrication and detection procedure.
Results and discussion
Characterization of the colloid and avidincoated Au nanoparticles
Monodisperse gold particles could easily be obtained by changing the concentration of sodium citrate. Transmission electron microscopy test for 18 nm colloid Au indicated that: (1) The prepared gold nanoparticles presented the well monodisperse characteristic; (2) Gold nanoparticles arranged very closely, but did not form the planar structure; (3) The shapes of gold nanoparticles were approximate sphericity, and the average diameter was 18 nm (Figure 4(a) ). As to the avidin-coated Au nanoparticles, TEM and a UV-visible spectra analysis were both observed to prove that Au nanoparticles with 70 nm were coated by the active avidins successfully ( Figures  4(b) and 5 ). In the UV-visible spectra, a strong absorption by nude gold nanoparticles at around 520 nm was observed (curve 1), moreover the absorption peak was not changed after the particles were coated with avidin (curve 2). This result indicated that avidin-capped nanogold were not aggregated but still monodisperse. In order to ensure the validity of modified particles, this process should be improved to enhance the stability of the avidin-coated nanoparticles, whose performance was very crucial for the signal amplification.
Detection of PCR products
Regular PCR was carried out using genomic DNA extracted from different concentration of serially diluted E. coli O157:H7 (2.0×10 0 to 2.0×10 8 CFU/mL). The gel electrophoresis detection of PCR products is shown in Figure 6 , from the left to right are DNA marker, regular PCR products of E. coli O157:H7 cell concentrations 1 CFU/mL. Single-stranded asymmetric PCR products could not be effectively confirmed on the agarose gel due to the low EtBr staining efficiency for ssDNA, so the polyacrylamide gel electrophoresis and silver staining technologies were utilized to attest the successful acquisitionof single-stranded PCR products ( Figure 7 ). Using polyacrylamide gel electrophoresis, the detection limit was 2.0×10 4 CFU/mL for E. coli O157:H7, which guaranteed the practically obtained asymmetric PCR products for QCM detection. 
Stepwise detection of the QCM DNA sensor
The whole detection course of this QCM DNA sensor mainly included two parts: sensor fabrication and detection. During the process of sensor fabrication, how to immobilize more ssDNA probes was pivotal for the following bacteria DNA detection, so two important routes for DNA probes immobilization were introduced to this part, which were:
• Self-assembled monolayers (SAMs).
• Au-thiol binding. A stepwise decrease of f was observed in each fabrication step (Figure 8 ). To eliminate the background interference, PBS buffer was used to wash the surface of Au electrode before and after each treatment, and the frequency change between every two neighboring base- Figure 8 The sensorgram for the sensor fabrication.
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lines of PBS buffer was calculated as the net response. At the beginning, washed by PBS, the f could reach a baseline in a short time, which is random for a nature property of QCM in an allowed range. When the baseline of PBS was stabilized, the signal recording was started as the function of time. 1,6-Hexanedithiol selfassembled monolayer was developed through the strong Au-thiol bond. The mechanism of Au-thiol bond is denoted as follows:
R SH + Au = RS Au + e + H + .
It is well known that the SAM technique can provide an ultrathin and well-ordered layer suitable for further biomolecules modification, such as DNA probe and antibodies [24] . In this work, 1,6-Hexanedithiol was chosen as the suitable surfactant because of the thiol group at each end. Based on the same Au-thiol binding mechanism, the inner nanoparticles with 18 nm diameter were put onto the thiol-termibated surface to make a nanogoldmodified surface, where the HS-ssDNA probe would be immobilized. The important contribution by the surface multilayer formation after nanogold introduction at the QCM surface was that a higher population of DNA probe could attach onto the nanoparticle surface by the C 6 -SH group at the 5 -phosphate end, which made more target DNA stick to the QCM surface. Another reason for increasing the sensitivity could be the steric effect of the curled surface, which caused more room for hybridization. The inner nanoparticles with 18 nm diameter were very befitting for modification of the QCM surface, which was in agreement with the Liu' report [32] . The immobilization of thiolated probe caused about 40 Hz drop of frequency, which confirmed the successful immobilization of the probe. In our study, it was found that avidin-coated nanoparticles could be strongly adsorbed onto the gold surface of the electrode after probe immobilization to cause false-positive signal. After evaluating several commonly used blocking agents such as 11-hydroxy-1-undecanethiol, BSA and skim milk, it was found that skim milk was able to effectively prevent the non-specific adsorption of avidin-coated nanoparticles to the electrode.
After probe immobilization and skim milk blocking, the fabrication of this DNA biosensor was accomplished, and the biotinylated target DNAs were applied to the sensor to hybridize with the probe. The frequency change caused by the target DNA was negligible, however, the signal was amplified by the following nanoparticle amplification step, and the frequency changes for signal was about 100 Hz ( Figure 9 ). The avidin-biotin system is a simple and yet very effective way to anchor biomolecules to an avidin coated surface [33] . While the avidin-coated nanoparticles with 70nm diameter were conjugated to the biotinylated target DNAs captured by the probe, the outer nanoparticles acted as a mass amplifier resulted in the enhanced signal. Time-dependent frequency changes resulted from the target DNA detection with different concentration are shown in Figure 10 . The frequency changes of the sensor were enhanced as the final concentrations of the target DNA increased (corresponding to 2.0×10 3 to 10 8 CFU/mL E. coli O157:H7), and no significant frequency shift was found with negative control. The sensor signal was distinguished from the baseline of negative control at the concentration as low as 10 3 CFU/mL. Owing to the complex influencing factors in the detection of flowthrough procedure, the sensitivity of this DNA biosensor would be greatly affected. In addition to the mass effect, the surface viscoelasticity, electromagnetic interference and other environmental factors also contributed to the Figure 9 The sensorgram for the sensor detection. frequency change, and these factors could not be differentiated from each other by solely measuring the resonant frequency. How to achieve a better understanding of the nanoparticle-DNA binding and improve the detection sensitivity will be pursued in further study.
Confirmation of the fabrication and detection of QCM DNA sensor by CV and EIS
In the Figure 11 (a) and (b), the pretreated bare Au electrode gave a reversible cyclic voltammogram (curve 1), indicating 1 clean Au surface. The formation of the 1,6-hexanedithiol SAM on Au electrode resulted in a highly insulating surface and thus blocked almost all the faradic currents (curve 2). After treatment of the Au nanoparticles, an increased current response (curve 3) and decreased impedance (curve 3, Figure 12 ) were observed because the Au nanoparticles monolayer became much less insulating, so the permeability of ions through it was so high that the redox couple [Fe(SCN) 6 ] 3 /4 could penetrate in, giving almost the same current as on a bare Au electrode. From the step of probe immobilization to the skim milk blocking, the current d and e became more and more decreased as a result of insulating effect by the probe and skim milk, which confirmed the successful immobilization of the probe and the ideal blocking of the skim milk. Especially for the treatment of skim milk, it resulted in a higher insulating effect than that of 1,6-Hexanedithiol SAM, because the skim milk was able to occupy those non-specific adsorption sites and form a more compact insulating layer with the probe.
As to the step of hybridization, the impedance got decreased and accordingly the current got increased. This change could be related to the change in the structure of the ssDNA probe. The 30-mer ssDNA was a flexible molecule while double-stranded DNA (dsDNA) acted as a rigid rod [34] ARTICLES CHEMICAL ENGINEERING across the interface ( Figure 13 ) and prevent ions from reaching the gold surface. In contrast, after hybridization with the target DNA, the dsDNA was a rigid rod standing up off the surface, opening up the interface to ions, which could access the electrode at defect sites in the SAM of probes and skim milk, and thus a decrease in impedance was clearly observed. In the last step of avidin-coated Au nanoparticles, the impedance g became larger than f because that the decorated nanoparticles just combined with the positive control DNA by the biotin-avidin bonding and resulted in a more insulating layer, but the insulating effect by the skim milk was still the most powerful. 
Conclusions
In this paper, a sensitive QCM DNA biosensor based on gold nanoparticles enhancing technology for the E. coli O157:H7 detection was developed and demonstrated. The electrode surface of QCM was treated by inner nanogold, and the captured target DNA was integrated with the outer avidin-coated nanogold, so the inner and outer Au nanoparticles with different diameters would play the "signal amplifier" role at different layers, and cooperate to improve the detection limit and sensitivity. The detection limit was 2.0×10 3 CFU/mL cells by detecting the asymmetric PCR products of E. coli O157:H7 without any enrichment of the culture, which was about one order lower than that achieved by polyacrylamide gel-based detection method. Compared with the traditional methods and other reported biosensors for bacteria detection, this sensor displayes some enhanced sensing performance in terms of the assay time, detection specificity and limit. Moreover, this sensor provides a promising basis for developing the quantitative sensor for pathogenic bacteria detection based on specific DNA detection. In order to attract more attention, this DNA biosensor should be combined with some micro-fabrication and nano-fabrication techniques to realize more promising and practical applications. It is believed that an ideal QCM DNA biosensor for bacteria detection should be one that works with sample volumes in the range of nanolitres or less, and possesses the ability of multi-channel analysis; therefore, further studies would be focused on the further improvement of the sensitivity and shortening analysis time, and eventually the integration of this biosensor into the microdevice.
